INTRODUCTION {#sec0005}
============

In addition to climate and air quality influences, several studies have indicated that particulate matter (PM) pollution, and specifically the smaller fraction of particles, PM2.5 fraction (particles with a diameter \<2.5*μ*m) and nanoparticles, frequently defined as particles smaller than 100 nm in size, has been repeatedly found as the most harmful part of air pollution (e.g., \[[@ref001]\]). Globally the PM has been estimated to lead to over 3.3. million premature deaths and significant costs annually \[[@ref006]\] and it has been associated with large variety of different diseases, including acute lower respiratory illness, cerebrovascular disease, ischemic heart disease, COPD, and lung cancer \[[@ref001]\]. Recently several studies have also indicated that PM has influences to brains. A population-based cohort study conducted in Taiwan found a link between long-term exposure to PM2.5 and the increasing risk of Alzheimer's disease \[[@ref007]\]. Cacciottolo et al. \[[@ref008]\] combined results from an air pollution neuroepidemiologic study of older women and inhalation neurotoxicological experiments with mice to show that the airborne PM has contribution to neurodegenerative changes, with a potentially greater impact on individuals that have higher risk of Alzheimer's disease (*APOE* *ɛ*4 carriers).

It is known that nanoparticles are efficiently deposited into the human respiratory system, but the deposition efficiencies are not uniform with respect to particle size. While the nanoparticles larger than ∼10 nm are deposited most efficiently into the alveolar region of the respiratory system, the smallest particles are deposited most efficiently to head airways \[[@ref009]\]. These areas contain potential paths for air pollution compounds deposited to the epithelium to be transported to the central nervous system, such as the olfactory bulb \[[@ref010]\]. Maher et al. \[[@ref011]\] suggested that the combustion-originated nanoparticles of inhaled air can penetrate to the human brain through the olfactory bulb and cause Alzheimer's disease and other brain diseases. Several studies have focused on the link between nanoparticles and Alzheimer's disease. Kim et al. \[[@ref012]\] observed that exposure to nickel nanoparticles led to rapid doubling of amyloid-β (Aβ)~40~ and Aβ~42~ levels in brains of mice. The link between air pollution and Alzheimer's disease is supported by the observation of Plascencia-Villa et al. \[[@ref013]\] who found that magnetite particles, which are toxic to brain tissue via its propensity to generate reactive oxygen species, were directly associated with Alzheimer's disease-related Aβ plaques. Also, Cacciottolo et al. \[[@ref008]\] observed in laboratory experiments with female mice that the chronic exposure to nanosized PM, a neurotoxic subfraction of PM2.5, increased both the cerebral Aβ plaque load and neurotoxic Aβ oligomers. The air pollution from traffic has also been associated with decreased cognitive function in older men \[[@ref014]\] and, furthermore, Oudin et al. \[[@ref016]\] reported associations between dementia incidence and local traffic pollution. However, they could not rule out environmental factors such as noise generated by traffic from their results.

The particle size distribution of urban atmospheric aerosols varies significantly depending on location, local weather conditions, and prevailing particle sources. Typically, the size distribution consists of separate particle modes, formed by particles with similar formation and transformation processes or sources. The largest mode, coarse particle mode, contains typically relatively large mechanically generated particles (with diameter typically larger than 1*μ*m), originated from road dust or tire debris. The accumulation mode of particle size distribution (100 nm \> diameter \> 1.0*μ*m) is linked especially with aged, long-range transported aerosol and soot particle emissions. Ultrafine particles (diameter \<100 nm, thus somehow equal to nanoparticles) are typically either directly emitted from combustion sources or formed in the atmosphere; the ultrafine particle size range include typically the nucleation mode (mean diameter typically smaller than 50 nm) formed by atmospheric nucleation of particles or from direct anthropogenic nanoparticle emissions \[[@ref017]\] and Aitken mode in particle sizes 20--100 nm \[[@ref018]\]. Furthermore, recent studies indicated that the nanoclusters, i.e., extremely small particles (particle diameter smaller than 3 nm), can form a separate mode to particle size distribution of urban traffic-influenced air \[[@ref019]\]. Together with surrounding gaseous compounds, the ambient particles form an aerosol that is, especially in urban areas, a complex mixture of particles with different particle sizes and chemical and physical characteristics (e.g., \[[@ref021]\]), having a potential to transform in the atmosphere as a result of chemical reactions \[[@ref024]\] and aerosol dynamics \[[@ref026]\].

Nanoparticles are frequently defined as particles smaller than 100 nm in diameter, although other definitions and related discussion exist in the scientific literature \[[@ref028]\]. Because of the relatively small mass concentrations of these particles (see Fig. 3 in \[[@ref029]\]), the nanoparticles are typically characterized by their particle number concentrations or particle number size distributions. Due to their small mass concentration, composition analysis of nanoparticles is very challenging and the composition of nanoparticles of ambient air, especially in the smallest particle sizes, remains poorly characterized. Elevated nanoparticle number concentrations are very typically observed in urban air \[[@ref029]\]. Particularly in traffic-influenced environments, the nanoparticle concentrations can be high, reaching even concentrations higher than 10^5^ cm^--1^ \[[@ref029]\].

Nanoparticles are directly emitted to urban air by various combustion processes. They are known to be emitted by vehicles and engines, i.e., by passenger cars, diesel trucks and buses, and mobile motor-powered machines (e.g., \[[@ref031]\]). Residential heating based on the combustion of wood emits them also \[[@ref037]\]. Nanoparticles have been observed from emissions of large-scale coal-based production of heat and power \[[@ref038]\], from combustion of heavy fuel oil and light fuel oil \[[@ref040]\], and from flue gases from industry \[[@ref030]\]. Vehicles' brakes represent a potentially significant non-combustion nanoparticle source \[[@ref041]\]. In addition to direct emissions, nanoparticles can also be formed in the atmosphere, from gaseous compounds originated both from natural (e.g., \[[@ref043]\] and references therein) and anthropogenic sources (see \[[@ref044]\]). Ambient nanoparticle concentrations in urban environments can have significant spatial and temporal variation. This is due to several reasons. Firstly, the technologies used in motor vehicles vary a lot depending on geographical areas; mostly the emissions of vehicle and engines are regulated at a national level, and although the nanoparticle emissions themselves are not directly regulated by any emission limit in the world, several regulations set for gaseous and particulate emissions (e.g., Euro 5/6 standards (Regulation (EU) 715/2007) and Non-Road Mobile Machinery (NRMM) Regulation, (Regulation (EU) 2016/1628)) have effects on nanoparticle emissions. Secondly, nanoparticle emissions are linked with intensity of human activities; traffic volumes typically increase in the morning and follows the pattern that is somehow specific for each road or environment (e.g., \[[@ref020]\]). Similarly, residential heating follows the needs of residents and climatic conditions, resulting in higher emissions in wintertime. Instead, the emissions from large scale power plants can be relatively stable, at least regarding the primary particle emissions from power production. Thirdly, nanoparticle concentrations can be affected by local weather conditions such as wind direction and wind speed, relative humidity, temperature, and by concentrations of other pollutants (see \[[@ref045]\]).

Ambient PM2.5 concentrations (i.e., mass concentrations of particles smaller than 2.5*μ*m in aerodynamic diameter) are typically so strongly dominated by the particles larger than 100 nm that they cannot be used directly as an indicator of nanoparticle concentrations. However, PM2.5 concentrations are typically used in studies focusing on the effect of ambient particulate matter on human health (e.g., \[[@ref006]\]), leading to the current situation where the role of ambient nanoparticle concentrations in respect to human population health is relatively unclear. The situation is further complicated due to lack of information on nanoparticle composition, especially regarding the nanoparticles from anthropogenic origin.

Motor traffic has been recognized to be a major source of nanoparticles in urban areas. Due to that, this review focuses on nanoparticles from traffic. This approach is supported by the close vicinity of motor traffic emissions with people; traffic nanoparticle emissions take place at the height of breathing and in environments typically occupied by people, the emitted nanoparticles can enter car cabins \[[@ref046]\] and penetrate many typical filter media used in ventilation systems of buildings \[[@ref047]\]. However, the effects of traffic on ambient nanoparticle concentrations and characteristics are complex, including the effects of vehicle technologies, driving situations, and weather conditions. In addition, several dynamic processes affect the nanoparticle emissions and particle formation, transportation, and transformation after the emissions, all affecting the exposure of people on nanoparticles in traffic-influenced environments (see [Fig. 1](#jad-72-jad190170-g001){ref-type="fig"}). From different perspectives, other reviews regarding the topic include Morawska et al. \[[@ref048]\], Gieschaskiel et al. \[[@ref049]\], Kumar et al. \[[@ref050]\], Brines et al. \[[@ref017]\], and Kumar et al. \[[@ref051]\].

![Schematic regarding differences in particles of tailpipe, roadside, and aged exhaust aerosol. To guide the eye and to emphasize the role of nanoparticles, 50 nm particle size is indicated by dashed line in the tailpipe exhaust particle size distribution \[[@ref052]\], roadside particle size distribution \[[@ref022]\], and in the schematic size distribution of aged exhaust aerosol.](jad-72-jad190170-g001){#jad-72-jad190170-g001}

PRIMARY NANOPARTICLES OF VEHICLE EXHAUST {#sec0010}
========================================

The hot and undiluted motor vehicle exhaust typically contains large number of nanoparticles. In general, the nanoparticle number concentration in tailpipe aerosol can be as high as 10^7^--10^9^ cm^--1^. Exhaust is shown to include nanoparticles with different sizes, physical characteristics, and chemical compositions. In many studies, the tailpipe particle size distribution has been reported to consist of distinctive particle modes, due to different formation mechanisms and characteristics of particles. The particle mode associated with smaller mean diameter of particles, called either nano or core particle mode, has typically mean particle size smaller than 10 nm and the larger mode, called either soot or accumulation mode, has particles with diameters from 10 nm to several hundreds of nanometers, with mean particle size typically in 30--100 nm \[[@ref035]\].

The core particles of hot and undiluted exhaust have different characteristics and different existence in the exhaust compared to larger soot mode particles. These particles have been called core particles firstly due to their small particle size and tendency to increase in size already in the tailpipe \[[@ref057]\] and especially in cooling dilution of exhaust \[[@ref052]\] and, secondly, because of the general need to separate them from soot particles. The chemical composition of the core particles has not been totally solved; some studies indicate that the core particles consist of amorphous carbonaceous compounds \[[@ref057]\], while other studies indicate that they consist of metallic ash compounds from fuel and lubricant oil \[[@ref059]\]. Because the core particles form at elevated temperatures and are highly non-volatile \[[@ref035]\], their life-time in the atmosphere (and possibly in human body) can be longer than the nanoparticles formed in atmospheric conditions from semivolatile and volatile precursors. It should be noted that the tiny and nonvolatile core particles have been observed in the exhaust of different types of engines, including diesel \[[@ref052]\], gasoline \[[@ref057]\], and natural gas fueled engines \[[@ref035]\], so they can be relatively ubiquitous in urban traffic-influenced atmosphere. Furthermore, if the core particles do not coagulate in the atmosphere with larger particles or increase in size significantly by atmospheric condensation of semi-volatile compounds, they deposit efficiently to the upper part of human respiratory tract during inhalation.

Soot particles are mostly agglomerated chain-like particles, but spherical soot particles can also exist in exhaust, especially in the smallest particle sizes (see \[[@ref053]\]). They consist mainly of elemental carbon but also some metallic components can exist in these particles. Exhaust soot particle concentration can be affected by fuel choices or fuel injection strategies \[[@ref056]\]. Interestingly, in several studies conducted on diesel engine exhaust particles, the technology changes reducing the soot particle concentrations have increased the emissions of tiny core particles \[[@ref056]\]. These changes may also have effects on health risks caused by exhaust particulate matter.

Exhaust particles are typically linked with combustion processes \[[@ref065]\]. However, motor vehicle exhaust can also contain particles during motoring conditions (i.e., engine braking conditions) when the fuel injection and combustion process do not take place in the cylinder \[[@ref066]\]. Also, these particles have been observed to be mostly in the nanoparticle size range. They are known to contain at least phosphorus, zinc, and calcium, which are most likely originated from lubricant oil additives. In addition, engine wearing can result in the existence of metallic nanoparticles in exhaust \[[@ref068]\]. Also, non-exhaust sources of traffic have been shown to emit nanoparticles. For instance, Puisney et al. \[[@ref069]\] observed that brake wear dust contains substantial quantities of metallic nanoparticles exhibiting toxicity for lung cells.

The hot and undiluted exhaust particles are affected by driving conditions of the vehicle and the technological parameters used in vehicles, e.g., the fuel injection type, fuel injection timing and pressure \[[@ref062]\], use of exhaust gas recirculation \[[@ref054]\], fuel properties \[[@ref056]\], lubricant oil properties and exhaust after-treatment such as diesel oxidation catalyst, selective catalytic reduction \[[@ref071]\], diesel particle filter (DPF) \[[@ref072]\], and partial DPF \[[@ref073]\]. For example, the study by De Filippo and Maricq \[[@ref054]\] observed in exhaust of a light duty diesel vehicle a clear core particle mode, that was highly dependent on the level of exhaust gas recirculation at idle and at speeds below 30 mph. Higher fuel injection pressures and metallic additives of lubricant oil have been observed to increase the concentrations of core particles. Instead, blending gasoline with ethanol \[[@ref074]\], use of gaseous fuel instead of liquid fuel \[[@ref035]\], and, especially, installing the DPF into the tailpipe \[[@ref072]\] significantly reduces nanoparticle emissions of vehicles and engines. The utilization of different technologies in motor vehicles depend on the application area of vehicle but especially on the emission standards. Because the standards are not uniform across the world, the technological approaches utilized in motor vehicles differs from one geographical area to other, likely leading to significant differences in primary nanoparticle emission.

DELAYED PRIMARY PARTICLE FORMATION MODIFIES NANOPARTICLE EMISSIONS {#sec0015}
==================================================================

In addition to particles, the hot and undiluted engine exhaust contains gaseous compounds that tend to condense on particle surfaces or nucleate and form new particles when the initially hot exhaust is diluted and cooled in the atmosphere \[[@ref033]\]. These processes take place in a few seconds in the exhaust plume, potentially modifying the exhaust particle size distribution and resulting in an increased number of nanoparticles \[[@ref031]\]. Typically, the roles of these processes are studied in vehicle and engine laboratories using exhaust sampling and dilution setups mimicking the real cooling and dilution of vehicular exhaust, or on the road for individual vehicles by chasing them with a mobile laboratory equipped with particle measurement instruments (for examples, see \[[@ref031]\]). Other methods exist also, such as utilization of vehicle-mounted instruments \[[@ref081]\] and experiments where the instrumentation has been installed into a trailer and the exhaust is sampled from the exhaust plume of the studied vehicle \[[@ref082]\].

The key compound in the formation of new nanosized particles in the exhaust cooling process seems to be sulfuric acid formed to exhaust by oxidation of fuel and lubricant oil originated sulfur \[[@ref083]\]. Thus, the sulfur contents of lubricant oil and fuel affects the formation of nanoparticles \[[@ref077]\]. In addition, oxidative exhaust after-treatment devices that are very typically used in modern devices tend to increase the formation rate of these exhaust plume nanoparticles \[[@ref032]\] because they oxidize the engine out sulfur dioxide to sulfur trioxide that reacts with exhaust's water and form gaseous sulfuric acid \[[@ref085]\].

It should be noted that although sulfuric acid is observed to be a key compound in nanoparticle formation of cooling exhaust, other exhaust compounds can also contribute to the process. For example, the mass spectrometry studies of Arnold et al. \[[@ref085]\] and modelling studies \[[@ref089]\] have indicated that exhaust also contains low volatile organic compounds that can contribute to the nucleation processes. In the study of Karjalainen et al. \[[@ref091]\], the nanoparticle emission of a diesel engine was even inversely correlated with exhaust sulfuric acid concentration during the regeneration of soot accumulated to partial DPF, although the modelling study of Du and Yu \[[@ref084]\] indicated that in the regeneration process the sulfate stored and then released to the exhaust can lead to elevated nanoparticle emission. In addition, it is known that the organic compounds of exhaust contribute to nanoparticle formation by condensing onto the particle surfaces and thus by increasing the size of particles \[[@ref052]\]. Regarding diesel exhaust, the majority of the mass of these particles can originate from lubricant oil (79--92% in the study of Fushimi et al. \[[@ref059]\]), and most of that mass comes from organic compounds of lubricant oil. However, hydrocarbons of gasoline vehicle exhaust particles seem to originate more from fuel than from lubricant oil \[[@ref070]\].

Although the information on the chemical composition of the smallest exhaust particles is limited, nanoparticles formed during the cooling dilution of exhaust seem to have significantly different chemical and physical characteristics when compared to particles formed in high temperatures. Most importantly, the volatility of "liquid-like" particles formed during the cooling dilution is higher than that of "solid" particles formed in high temperatures \[[@ref055]\]. This leads to the possibility that the particles formed during the cooling dilution of exhaust can evaporate or even disappear when the particles are aged in the atmosphere \[[@ref092]\]. Different chemical and physical characteristics of nanoparticles may also have implications for the effects of the particles on human health and on the mechanisms of how they affect human health. When the particles are deposited onto the epithelium of the human respiratory track, the nanoparticles formed during cooling dilution and consisting of sulfuric acid, hydrocarbons, and water may be dissolved more efficiently than the nanoparticles formed in high temperatures and consisting of metallic compounds and/or solid carbonaceous compounds. This may have implications on how the particles exist in human body, how they move from deposition site to other organs, and how they affect the functions of cells and organs.

Although the delayed primary aerosol formation, i.e., the formation of particulate matter during exhaust cooling and dilution from hot exhaust's gaseous compounds, is dependent on technological parameters of vehicles (fuel and lubricant oil sulfur, exhaust after-treatment devices), climatic conditions and existing ambient aerosol may also affect its formation. In particular, the formation of new nanoparticles during the exhaust's cooling may be affected by these factors \[[@ref029]\]. Cold weather conditions seem to favor nanoparticle formation in atmospheric vehicle exhaust and, at least based on the modeling studies, also the relative humidity of ambient air affects the nanoparticle formation. However, the study of Casati et al. \[[@ref077]\] made for a diesel passenger car did not observed significant differences between exhaust plume nanoparticle concentrations and size distributions when the ambient temperature changed from 9°C to 25°C.

NANOPARTICLES IN ROADSIDE ENVIRONMENTS {#sec0020}
======================================

The particle number size distribution of roadside environments is very typically reported to be dominated by nanoparticles \[[@ref019]\]. This observation is linked mostly to exhaust emissions of traffic, so that the high nanoparticle concentrations are a result of all fresh emissions \[[@ref030]\], i.e., emissions of primary sub-10 nm nanoparticles (core particles), soot mode particles, and particles formed in cooling dilution of exhaust. Also, the particles formed in motoring conditions containing metallic lubricant oil originated compounds \[[@ref066]\] should be present in roadside environment because they significantly contribute to the vehicle exhaust nanoparticle emissions. For instance, in the study of Al-Dabbous and Kumar \[[@ref030]\], the contribution of fresh traffic emissions to particle number concentration in roadside environment was 46%, while the contributions of aged traffic emissions, industrial emissions, and regional background were 27%, 9%, and 9%, respectively. In that study, the contribution of aged traffic emissions on nanoparticle concentrations was also significant but, however, to the slightly larger particle sizes; the fresh traffic emission was a dominating source for particles smaller than 10, while the aged traffic emission was a dominating source of 10--30 nm particles. The particle size distribution associated with fresh traffic emissions had a major peak (particle mode) in 5--12 nm and a minor peak at approximately 60 nm, being thus highly similar with typical exhaust particle size distributions measured for individual vehicles. The importance of road traffic emissions was also seen in the analyses of particle concentration data from urban background site of Barcelona \[[@ref095]\]; contributions from 52% to 86% of the particle number in the different particle sizes were associated with fresh emissions of relatively nearby traffic, and 5--33% to background aerosol that also was partly affected by traffic.

Barone and Zhu \[[@ref096]\] measured the particle number size distribution at different distances from busy road and, in line with Al-Dabbous and Kumar \[[@ref030]\] and Virtanen et al. \[[@ref094]\], observed that it consisted of separate modes. On the road, the particle size distribution was dominated by the mode with geometric mean diameter of 14.3 nm, but when the distance from the road increased, the relative contribution of particles in this size decreased; at 90 m from the road, the particle number size distribution was dominated by the mode with geometric mean particle size of 35.9 nm. The increase of particle size as a function of increased distance from the road was also observed in mobile laboratory measurements reported by Pirjola et al. \[[@ref097]\], but, however, in their study, the particle size increase was relatively small; in wintertime, the mean diameter of nanoparticle mode (called nucleation mode in the study) increased from 16.6 nm to 22.7 nm when the distance from road increased from 9 m to 80 nm. Simultaneously, the mean size of the accumulation mode did not change. In summertime, the changes in mean size of nanoparticles were smaller and, despite the decreased number concentration, no significant transformation of particle size distribution was observed as a function of distance from the road. In principle, the differences of the growth of the particles for the two seasons can be explained by more efficient condensation of emitted semivolatile compounds in cold conditions or by larger semivolatile compound emissions of traffic in wintertime.

Although the nanoparticle concentration and particle number size distribution in traffic-influenced environments is typically controlled by traffic volume of near-by roads (see, e.g., \[[@ref020]\]), they are also affected by weather conditions. Especially the wind direction affects the concentrations; higher concentrations exist typically downwind rather than upwind directions from the road. The studies of Charron and Harrison \[[@ref076]\], Kittelson et al. \[[@ref029]\], Pirjola et al. \[[@ref097]\], and Virtanen et al. \[[@ref094]\] reported higher nanoparticle concentrations in lower ambient temperatures, and associate this observation with enhanced atmospheric nanoparticle formation from traffic emitted gaseous compounds. In the recent roadside study for number concentrations of particles larger than 10 nm, the season average particle emission factor determined for the traffic was a factor of 3 higher in winter than in summer (7.5±5×10^14^ particles per kg of fuel versus 2.5±1.7×10^14^ particles per kg of fuel) \[[@ref098]\]. Also, in that study the particle size distribution of roadside aerosol was dominated by nanoparticles, both in winter and in summer. However, in wintertime the mean size of particles was larger, approximately 15--20 nm, while in summertime, the peak concentrations were close to 10 nm particle size, which was the smallest size measured. The emission factors reported by Saha et al. \[[@ref098]\] are in-line with earlier roadside measurement; e.g., the roadside particle study of Pirjola et al. \[[@ref097]\] reported 1.8--3.4 times higher particle number concentrations in winter than in summer. In summer, 86--90% and 90--95% of particles larger than 3 nm belonged to sub-50 nm particle size range in summer and winter, respectively.

It should be noted that the lower size limit of roadside particle measurement is important parameter and should be taken into account in interpretation of results. This has been observed in recent studies where the lower size limit has been set so that the nanoclusters can also be counted \[[@ref019]\]. These studies indicate a very large contribution of sub 10 nm particles to the total particle number of roadside aerosol and significant (in certain environments even larger than 50% of total particle number) contribution of sub 3 nm particles.

Rainy weather conditions have been reported to reduce the roadside air nanoparticle concentrations \[[@ref034]\], although such weather condition may have opposite effects also; rainy weather clean urban air reducing the condensation sink formed by particles which can lead to increased concentrations of nanoparticles in roadside environment. Such phenomenon can be seen in the study of Charron and Harrison \[[@ref076]\], which reported higher nanoparticle concentrations at roadside environments just after the rain event compared to the situation several days after the event.

The roadside aerosol has been reported to be mixed both externally and internally; in the externally mixed aerosol, the composition of individual particles can be distinctly different from other particles, while in internally mixed aerosol, individual particles consist of mixtures of different compounds. Examples of these can be found, e.g., from the study of Barone and Zhu \[[@ref096]\] where they, in addition to particle size distribution measurements, sampled particles with mobility diameter of 50 nm and analyzed them by transmission electron microscope (TEM). They classified the particles according to particles' morphology and reported several different types of particles; the observed particles were aggregates, spheres, or they were irregularly shaped and some fraction of particles included a combination of these aforementioned different particle types. The particles associated with traffic emissions were internally mixed. Also, the fraction of particles with different morphologies of 50 nm particles changed when the distance from road increased; in their study, the fraction of aggregate particles decreased simultaneously with the increasing fraction of particles with multiple inclusions.

The diversity of the particle morphologies is higher in roadside ambient aerosol if compared to the exhaust of an individual vehicle. This was observed in the study of Fujitani et al. \[[@ref061]\] where the roadside nanoparticles (mobility diameters 30 nm and 50 nm) were studied by TEM and classified according to the particles' morphologies, electron opacity, electron transparency, and based on the partial evaporation of particles under the electron beam of TEM. In mobility sizes of 30 nm and 50 nm, the roadside aerosol contained electron-opaque particles, irregularly shaped electron-opaque particles, irregularly shaped electron-transparent particles, irregularly shaped partially evaporated particles, bar-like electron-opaque particles, bar-like electron-transparent particle, and electron-opaque agglomerated particles. In diesel engine exhaust, the nanoparticle population in these particle sizes was strongly dominated by electron-opaque agglomerated particles, which are presumably soot particles containing elemental carbon and organic compounds on their surfaces. During idle, they observed irregularly shaped particles.

Recent roadside aerosol studies have also revealed the existence of iron-rich nanoparticles in the roadside environment \[[@ref042]\]. In total, the roadside aerosol is mixed both externally and internally, so that it contains physically and chemically different particles and that the individual particles are not always homogeneous. This can be seen in the study of Barone et al. \[[@ref096]\], which reported "electron-opaque" particles having different morphologies (aggregates, spheres, irregularly shaped) to be in roadside aerosol and that those were encapsulated by an electron-transparent material. The spherical particle morphology was observed also in iron-rich particles reported by Sanderson et al. \[[@ref042]\]. In addition to particles found in TEM studies by Barone et al. \[[@ref096]\] and Sanderson et al. \[[@ref042]\], the particle population contain nanoparticles containing semi-volatile compounds. These compounds cannot be observed by TEM analyses because they evaporate during the analyzing procedure.

Regarding the organic compounds of nanoparticles, Fushimi et al. \[[@ref099]\] applied a thermal desorption--GC/MS to nanoparticles of roadside atmosphere. They observed that the chromatogram patterns of the roadside nanoparticles (particle size range 29 nm--58 nm) matched better with patterns determined for lubricant oil than with patterns for fuel or diesel exhaust PM. They also observed that the fraction of less volatile compounds was larger in nanoparticles than in lubricant oil, which suggests that the most volatile organic compounds may exist more in a gaseous phase in the atmosphere. This was supported by their other study \[[@ref100]\] where they, in addition, suggest that the OC/TC is higher for roadside nanoparticles than for particles in typical diesel exhaust soot particle size range. Roadside nanoparticles also contain inorganic semivolatile compounds, as reported by Lin et al. \[[@ref101]\]. They observed significantly larger mass factions of ammonium, nitrate, and sulfate in nanoparticle size range when those were compared with the concentrations of these compounds in rural site nanoparticles.

In general, the studies conducted in proximity of road traffic indicate that the majority of nanoparticles are primary or delayed primary emissions from traffic. When dispersed to surroundings (see \[[@ref097]\]), these emissions can affect the nanoparticle loadings of an urban atmosphere in relatively large areas; e.g., the recent study focusing on the dispersion of traffic emitted pollutants indicated that even the smallest particles can increase in size already in immediate proximity of traffic \[[@ref102]\], which may significantly increase their atmospheric lifetime. However, in addition to primary and delayed primary particles, the exhaust from internal combustion engines contains gaseous pollutants that deteriorate the air quality in traffic influenced environments. Part of these compounds has a potential to form particulate matter in the atmosphere after they has been exposed to oxidizing atmospheric conditions. This process is called secondary particulate matter formation, and it results in the increased amount of oxidized organic compounds, nitrate, ammonium, and sulfate in atmospheric PM. As a result of the atmospheric secondary PM formation, new nano-sized particles can also be formed (see \[[@ref103]\]) and the directly emitted particles can increase in size and their surface properties can change. It should be noted that the effects of secondary PM on human health can be significantly different when compared to primary emissions of traffic. This is due to the differences in composition, physical characteristics, particle size, concentrations, and spatial distribution of primary and secondary PM. A relatively detailed example of these differences is found by Klems et al. \[[@ref104]\] who observed that the particles containing oxidized carbonaceous matter, typically linked with secondary PM formation, are generally neutralized, whereas particles containing unoxidized carbonaceous matter or no carbon at all are acidic.

Vehicle technologies affect the secondary PM precursor emissions and significant differences can exist in the emissions, depending on engine type, fuel characteristics, and exhaust after-treatment systems (reviewed in \[[@ref105]\]). In the study of Timonen et al. \[[@ref074]\], the change of low ethanol content gasoline to 100% ethanol decreased drastically the secondary PM precursor emissions. Regarding diesel vehicles, the exhaust after-treatment devices seems to also affect these emission components and, in general, natural gas fueled engines seems to be low-emitters in respect to secondary PM precursors \[[@ref105]\]. Thus, because different technologies are favored in different geographical areas due to the non-uniform emission regulations, the contribution of traffic to atmospheric secondary nanoparticle formation can vary. In addition, it should be noted that the climatic conditions also contribute to the secondary PM formation in urban atmospheres.

RESEARCH NEEDS {#sec0025}
==============

Although nanoparticle measurements have significantly developed during recent years enabling online measurements of even the smallest nanoparticles, the largest challenge is that while nanosized particles exist in large number concentrations, their mass is almost negligible. In order to characterize the health and environmental impacts of nanoparticles, further research is needed on 1) nanoparticles; their composition and sources (e.g., atmospheric nucleation versus directly emitted nanoparticles), their formation mechanisms, and their transformation in the atmosphere; 2) how the nanoparticles are transported to human body, i.e., what are the transportation routes, how effectively are they transported, and how long is the lifetime of nanoparticles in the human body; 3) impacts of nanoparticles on human health, i.e., what diseases are affected by nanoparticle pollution and what are the mechanisms causing these diseases at the organ and cellular levels. To achieve these targets, novel methodologies are needed both to characterize nanoparticles and their composition and to study their health and toxicological impacts. The challenge of future studies is to characterize whether nanoparticle number concentrations, particle mass, or particle surface area is the important parameter when health effects are studied; e.g., Schmid and Stoeger \[[@ref106]\] have compared different particle-related metrics in respect to pulmonary toxicity of particles, recommending that measurements should take particle number, surface area, and mass into account but that, based on their study, the most important parameter seems to be the surface area of particles. Metrics for the health effects of exhaust particles have also been studied by Giechaskiel et al. \[[@ref107]\] who divides the effects of particles to physical effects, caused mainly by active surface area of soot particles, and chemical effects, caused by the semivolatile compounds condensed on solid particle surfaces. Nonetheless, the long-term monitoring of ambient nanoparticle concentrations and their characteristics in urban areas are needed to connect their existence and effects to epidemiological studies.

Regarding the role of nanoparticles in Alzheimer's disease, more emphasis should be paid to connect the results from toxicological studies with studies focusing on anthropogenic nanoparticle emissions and ambient nanoparticles. For instance, more data on characteristics (composition, morphology, and size distribution) of particles found in the human body and especially in the human brain could significantly help determine the sources of these particles. In addition, that kind of data could help to evaluate the particle transportation from epithelium to brain and other organs and, importantly, to enable more efficient development of nanoparticle emission mitigation, both in policy and mitigation technology development point of views.

CONCLUSIONS {#sec0030}
===========

It is important to note that the studies of ambient air conducted at road-traffic influenced environments report repeatedly very high nanoparticle concentrations. These environments are typical for all urban areas, and they represent normal living environments for millions of people, and for many of us, a working environment too. Thus, it can be concluded that a very large number of people are exposed to large numbers of atmospheric traffic-originated nanoparticles in their everyday life.

Measurements indicate that the nanoparticles of roadside atmosphere are emitted by gasoline vehicles, diesel vehicles, and by vehicles using ethanol and gaseous fuels. In addition, nanoparticles are emitted from wheel brakes and formed from initially gaseous exhaust compounds. Thus, the possible problems caused by nanoparticles cannot be solved straightforwardly, e.g., by focusing on one type of vehicles or engines. On the other hand, many technological solutions clearly decrease the nanoparticle emissions of motor vehicles, such as low-sulfur fuels and diesel particle filters, and these technologies should be favored when developing emission regulations and air quality standards to protect people from nanoparticle exposures.

Nanoparticles of urban air in traffic-influenced environments (see [Table 1](#jad-72-jad190170-t001){ref-type="table"}) are not uniform but, instead, they form an externally and internally mixed aerosol with large variation of particle characteristics. This is important to take into account in evaluation of their effects on human health.

###### 

Typical sizes, number concentrations, and compositions of nanoparticles in tailpipe, roadside, and aged exhaust aerosol

  -------------------------------
  Particle size
  Particle number concentration
  Particle composition
  -------------------------------

Note that the values and compositions are indicative only and they can vary significantly.
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